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Remote preparation of W states from imperfect bipartite sources
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Several proposals to produce tripartite W -type entanglement are probabilistic even if no imperfec-
tions are considered in the processes. We provide a deterministic way to remotely create W states
out of an EPR source. The proposal is made viable through measurements (which can be demoli-
tive) in an appropriate three-qubit basis. The protocol becomes probabilistic only when source flaws
are considered. It turns out that, even in this situation, it is robust against imperfections in two
senses: (i) It is possible, after postselection, to create a pure ensemble of W states out of an EPR
source containing a systematic error; (ii) If no postselection is done, the resulting mixed state has a
fidelity, with respect to a pure |W 〉, which is higher than that of the imperfect source in comparison
to an ideal EPR source. This simultaneously amounts to entanglement concentration and lifting.
PACS numbers: 03.67.Bg, 03.67.-a
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2I. INTRODUCTION
The inventory of potential achievements that quantum entanglement may bring about has steadily grown for
decades. It is the concept behind most of the non-trivial, classically prohibitive tasks in information science [1].
However, for entanglement to become a useful resource in general, much work is yet to be done. The efficient creation
of entanglement, often involving many degrees of freedom, is one of the first challenges to be coped with, whose simplest
instance are the sources of correlated pairs of two-level systems. These sources have been used to demonstrate the
possibility of teleporting an unknown qubit [2] and to disclose the nonlocality of quantum mechanics [3]. Some other
important tasks require more involved kinds of entanglement, e. g., a prominent framework for measurement-based
quantum computation is possible only if cluster sates are available [4].
In the last two decades the increasing interest in complex entanglement motivated a fair amount of works aiming at
the creation of larger than Einstein-Podolsky-Rosen (EPR) states. Most of these efforts have produced Greenberger-
Horne-Zeilinger (GHZ) states [5] involving three [6], four [7], five [8], six [9], and eight [10] qubits. Other multiqubit
states have been built, though more sparsely, for instance, Dicke states [11] and graph states [9]. Intermediate kinds
of entanglement have been reported in Ref. [12].
In this manuscript we are mainly interested in the creation of tripartite W states. In the first experimental
realization of such a state [13], four photons originated from second order parametric down conversion (PDC) are sent
to distinct spatial modes and through linear optical elements. The conditional detection of one of the photons leaves
the remaining three photons in the desiredW state with a probability of 1/32 for each second order PDC event. Since
these occurrences are by themselves rare, the whole process lacks efficiency. A sufficiently robust experiment to enable
state tomography is described in Ref. [14], where three-fold coincidences were observed with a rate about 40 times
higher than that of [13]. However, the creation of W states remained probabilistic, thus, requiring postselection. In
Ref. [15], an experiment based on two independent first order PDC events is described, resulting inW states of four and
three photons. The latter being achieved, again, only probabilistically, through a measurement on one of the parties.
Projective measurements, that present intrinsic stochasticity, can also be used to produce W -type entanglement [16].
More in the spirit of the present work, bipartite entanglement can be considered as an available resource, as is the
case of Ref. [17], that takes two pairs of photons in EPR states as the building blocks to probabilistically produce
W states of three parties. Very recently general tripartite entangled states were encoded in the nuclei of the fluorine
atoms of trifluoroiodoethylene molecules, via nuclear magnetic resonance [18]. This technique, however, is unsuited
for remote preparation because the state is encoded in a spatially localized structure.
In the theoretical front, protocols based on PDC [19], linear optics [20–23], sources of EPR states [24], atomic
systems [25], and nitrogen-vacancy centers [26] can be found, all being probabilistic. In contrast, the authors of Ref.
[27] propose a deterministic scheme to create four-partite W states, which can be extended to generate W states of
arbitrary dimension [28]. More recently, a procedure was suggested to create entangled states of several degrees of
freedom, which is particularly suited for W states. This fusion operation [29] corresponds to a swapping procedure
and employs two entangled states with dimension d to produce an entangled state of dimension D = 2d− 2.
II. DETERMINISTIC PRODUCTION OF W STATES
We assume that there is a source of bipartite entanglement, ideally delivering identical EPR pairs. Three such
doubles are needed in each run, with one particle of each pair being sent to three detectors (D1, D2 e D3). At this
point let us simply consider that the state of three pairs coming from the source is |φ+〉⊗3:
1
2
√
2
(|00〉12 + |11〉12)⊗ (|00〉34 + |11〉34)⊗ (|00〉56 + |11〉56) . (1)
Of course, it does not matter which ERP state one choses, provided that it is known. We intend to make a triple
measurement on the odd labelled particles (subsystem A) which are sent to the detectors, see Fig. 1. We note from
the outset that the measurement on subsystem A may be destructive and will be assumed to be so, although this is
not a logical necessity. The key point of our protocol, which enables the deterministic creation of W states, is the the
3FIG. 1: (color online) EPR entangled pairs (1-2, 3-4, and 5-6) produced in sequence in a single source are spatially
separated. Odd-labeled particles are appropriately measured, after which, the remaining particles are left in a
genuine tripartite entangled state.
following set of kets:
|W1〉 = 1√
3
(|001〉+ |010〉+ |100〉) ,
|W2〉 = 1√
3
(|000〉 − |011〉+ |101〉) ,
|W3〉 = 1√
3
(|000〉+ |011〉 − |110〉) ,
|W4〉 = 1√
3
(|000〉 − |101〉+ |110〉) ,
|W5〉 = 1√
3
(|110〉+ |101〉+ |011〉) ,
|W6〉 = 1√
3
(|111〉 − |100〉+ |010〉) ,
|W7〉 = 1√
3
(|111〉+ |100〉 − |001〉) ,
|W8〉 = 1√
3
(|111〉 − |010〉+ |001〉) . (2)
The state |W1〉(≡ |W 〉) is the tripartite W state as we are used to it and |W5〉 its negation. The other six states may
not seem to be of the same category, since they are not combinations of kets with the same number of “excitations”.
However, it is easy to see that they also represent perfect W states, for, |W1〉 is obtainable from any of them via local,
unitary operations, e. g., |W1〉 = (I ⊗ σz ⊗ σx)|W2〉 = (σz ⊗ σx ⊗ I)|W3〉, etc. Note also that |Wj+4〉 = σˆ⊗3x |Wj〉 and
〈Wj |Wk〉 = δjk. Therefore, we have at our disposal an orthonormal W -state basis, that, in principle, corresponds to
the eigenvectors of some observable that can be measured. Given the ideal source state |φ+〉⊗3, after conveniently
reordering the kets, it can be written as
1
2
√
2
[|000〉A|000〉B + |001〉A|001〉B + |010〉A|010〉B
+|011〉A|011〉B + |100〉A|100〉B + |101〉A|101〉B
+|110〉A|110〉B + |111〉A|111〉B] ,
4where particles 1, 3, and 5 belong to subsystem A and the remaining particles to the subsystem B. This state is given
in terms of basis (2) in the totally correlated form:
1
2
√
2
8∑
j=1
|Wj〉A ⊗ |Wj〉B . (3)
By executing a projective measurement in this basis for particles in A we deterministically obtain, after local operations
and classical communication (LOCC), a perfect set of pure states in the standard form |W1〉 in subsystem B. Of
course, the measurements in the entangled basis (2) constitute a technical difficulty in practice, but there is nothing
that prevents their realization, in principle (more on this point in the next sections). The required local unitary
operations are shown in table I. Note, in addition, that it does not matter how far apart are the particles of system
B, thus, the preparation may be remote.
Result in A Operation to be done on B
|W1〉 Oˆ1 = I ⊗ I⊗ I
|W2〉 Oˆ2 = I⊗ σz ⊗ σx
|W3〉 Oˆ3 = σz ⊗ σx ⊗ I
|W4〉 Oˆ4 = σx ⊗ I⊗ σz
|W5〉 Oˆ5 = σx ⊗ σx ⊗ σx
|W6〉 Oˆ6 = σx ⊗ iσy ⊗ I
|W7〉 Oˆ7 = iσy ⊗ I⊗ σx
|W8〉 Oˆ8 = I⊗ σx ⊗ iσy
TABLE I: Operations to be done on system B after the measurements on A to deterministically produce |W1〉.
A more evident, though analogous procedure is possible for GHZ states. The corresponding measurement involves
the basis |GHZ±ijk〉 = (|ijk〉 ± |ijk〉)/
√
2, where the overbar denotes negation and i, j, k = 0, 1. For the ideal source of
states (1) one gets the result
∼ |GHZ+000〉 ⊗ |GHZ+000〉+ · · ·+ |GHZ−111〉 ⊗ |GHZ−111〉 ,
also enabling deterministic creation of this kind of tripartite state. However, when the source is imperfect, the process
for the two classes of states lead to quite distinct results, as we discuss below.
III. ENTANGLEMENT CONCENTRATION AND LIFTING
We are now in position to address a more realistic entanglement source containing a systematic error. The consider-
ation of source flaws is relevant in the promotion of any theoretical proposal into a feasible process. This has been con-
sidered, for instance, in an experiment for secure quantum key distribution [30] (see also [31? ]) and also in state prepa-
ration [32, 33]. The source is now described by |Φ0〉 = (a|00〉12 + b|11〉12) ⊗ (a|00〉34 + b|11〉34) ⊗ (a|00〉56 + b|11〉56),
where, hereafter, a is assumed to be real and positive, and a 6= |b|. This corresponds to
|Φ0〉 = a3|000〉A|000〉B + a2b|001〉A|001〉B +
a2b|010〉A|010〉B + ab2|011〉A|011〉B +
a2b|100〉A|100〉B + ab2|101〉A|101〉B +
ab2|110〉A|110〉B + b3|111〉A|111〉B , (4)
where we reordered the state, which, in this case, is expressed in terms of basis (2) as
|Φ0〉 = a2b|W1〉 ⊗ |W1〉+ ab2|W5〉 ⊗ |W5〉
+
∑
k=2,3,4
|Wk〉 ⊗
[
ab2|Wk〉+ 1√
3
(a3 − ab2)|000〉
]
+
∑
k=6,7,8
|Wk〉 ⊗
[
a2b|Wk〉+ 1√
3
(b3 − a2b)|111〉
]
. (5)
Therefore, it remains possible to get an ideal set of W states after postselection, because whenever the result of the
5Result in B after measurement in A State left in B after LOCC (Table I) Probability
|W1〉 |W1〉 a
4|b|2
∼ (a2 + 2b2)|W2〉+ (a
2 − b2)(|W3〉+ |W4〉) ∼ (a
2 + 2b2)|W1〉+ (a
2 − b2)(|W8〉 − |W7〉) a
2(a4 + 2|b|4)/3
∼ (a2 + 2b2)|W3〉+ (a
2 − b2)(|W2〉+ |W4〉) ∼ (a
2 + 2b2)|W1〉+ (a
2 − b2)(−|W8〉+ |W6〉) a
2(a4 + 2|b|4)/3
∼ (a2 + 2b2)|W4〉+ (a
2 − b2)(|W2〉+ |W3〉) ∼ (a
2 + 2b2)|W1〉+ (a
2 − b2)(|W7〉 − |W6〉) a
2(a4 + 2|b|4)/3
|W5〉 |W1〉 a
2|b|4
∼ (b2 + 2a2)|W6〉+ (b
2 − a2)(|W7〉+ |W8〉) ∼ (b
2 + 2a2)|W1〉+ (b
2 − a2)(|W8〉 − |W7〉) |b|
2(|b|4 + 2a4)/3
∼ (b2 + 2a2)|W7〉+ (b
2 − a2)(|W6〉+ |W8〉) ∼ (b
2 + 2a2)|W1〉+ (b
2 − a2)(−|W8〉+ |W6〉) |b|
2(|b|4 + 2a4)/3
∼ (b2 + 2a2)|W8〉+ (b
2 − a2)(|W6〉+ |W7〉) ∼ (b
2 + 2a2)|W1〉+ (b
2 − a2)(|W7〉 − |W6〉) |b|
2(|b|4 + 2a4)/3
TABLE II: States left in B after the measurement in A (first column), and after the LOCC prescribed in Table I
(second column). Note that the states |W2〉, |W3〉, |W4〉, and |W5〉 do not appear after the unitary operations. The
third column shows the probabilities for each outcome. For the sake of clarity the states are not normalized.
measurement is |W1〉 (|W5〉) the produced state on B is |W1〉 (|W5〉) no matter the values of a and b. This occurs with
probability |a2b|2 (|ab2|2). Thus, by postselecting the outcomes |W1〉 and |W5〉, proceeding the appropriate LOCC for
the latter, one gets a pure ensemble of standard W states. The success probability is P = |a2b|2 + |ab2|2 = a2 − a4.
Note that it is bounded from above by P = 1/4, since we are eliminating the other six outcomes even if they lead to
states with high fidelity.
In a more realistic scenario, one may not be able to carry out a full measurement in the basis (2). This is indeed the
case of our present technical development. Note however that if we can unambiguously distinguish |W1〉 from |W5〉,
and these from the other states, then we are able to remotely produce perfect W states from an imperfect bipartite
source with probability P = a2− a4. It is possible to tackle an equivalent task with linear-optics elements in the case
of a GHZ basis [34].
Although we cannot directly compare the entanglement of systems with two and three parties, we argue that the
previous procedure leads to entanglement concentration [35]. The source of bipartite states may have arbitrarily
low entanglement and the result is always a highly entangled tripartite state, of course at the cost of a proportional
reduction in the number of elements in the final ensemble. But this is exactly what happens for entanglement
concentration between ensembles of states with the same dimensionality [36]. If the source is composed by N quasi-
separable pairs with state |ψǫ〉 = ǫ|00〉+
√
1− ǫ2|11〉, then we get ǫ2N/2+O(ǫ4) perfectW states, asymptotically. It is
evident that any reasonable measure of multipartite entanglement E, would give E(|W 〉) > E(|ψǫ〉⊗3), for sufficiently
small ǫ. Also, because the entanglement delivered by the source is bipartite while the product presents genuine
tripartite entanglement, we say that the entanglement has been lifted (from a “small” Hilbert space to a larger one).
This is a remarkable property of W states, and an analogous situation does not exist for GHZ states. If the source has
a 6= |b|, by any small extent, then the probability to get an exact GHZ state in any run is zero, and no postselection
could help in getting an ideal GHZ ensemble. This adds to the reasoning that W states are less entangled than GHZ
states, in the sense that from three non-maximally entangled states one can, via stochastic LOCC (SLOCC) [37] get
a perfect W but not a perfect GHZ.
IV. HIGH-QUALITY W STATES WITHOUT POSTSELECTION
The referred postselection may be a waste of resources if some amount of error can be tolerated in a scenario where
full measurements can be carried out. For a good, but imperfect source, the outputs are either perfect or so close to
the ideal states that the chance that they can be distinguished in practice is very small. Note from the second line of
Eq. (5), that if, e. g., we obtain |W2〉 in subsystem A, then the state in B is proportional to
√
3|W2〉+(a2/b2−1)|000〉.
So, for a2 = 1/2 + ǫ (|b|2 = 1/2− ǫ), with ǫ << 1, we get √3|W2〉+ 4ǫe−2iθ|000〉+O(ǫ2), where b = |b|eiθ.
We proceed to show that even if all measurement outcomes are utilized, the fidelity of the resulting state with
respect to |W1〉 is slightly improved in comparison to the fidelity of (4) with respect to the ideal source state |φ+〉⊗3.
Without postselection, the possible states left in B after the measurement in A are listed in the first column of Table
II. The next step is to proceed with the operations in Table I. That leaves the first state in Table II unchanged, while
the second (not normalized) state undergoes the transformation
(a2 + 2b2)|W2〉+ (a2 − b2)(|W3〉+ |W4〉) −→
(a2 + 2b2)|W1〉+ (a2 − b2)(|W8〉 − |W7〉) ,
and so on, see the second column of Table II. Gathering these results together and considering their probabilities
6FIG. 2: (color online) Fidelities F (solid) and F0 (dashed) as functions of a for (a) θ = 0 and (b) θ = π/5.
(third column of Table II), the resulting density matrix for the mixed state reads, in the W basis [Eq. (2)],
ρ =


F 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 1−F
3
−K −K
0 0 0 0 0 −K 1−F
3
−K
0 0 0 0 0 −K −K 1−F
3


, (6)
where the absolute value of the coherences reads K = [4a2(1− a2)(1 + sin2 θ) + 1]/9 and
F =
1
3
(8Γ2 + 1) , (7)
with Γ = a
√
1− a2 cos θ and b = √1− a2eiθ. The quantity in Eq. (7) is the final fidelity, F = Tr(ρ|W1〉〈W1|).
Since the described protocol amounts to lifting entanglement from a Hilbert space with dimension 4 to a Hilbert
space with dimension 8, it could be considered useful even if the final fidelity were smaller than the fidelity of the
source, to an acceptable extent. However, we note that the fidelity of |Φ0〉, Eq. (4), with respect to an ideal source is
F0 = |〈Φ0|(|φ+〉)⊗3|2, or F0 = (Γ + 1/2)3, with −π/2 ≤ θ ≤ π/2. For phase arguments outside this range the source
would better described by the Bell state |φ−〉 ∼ |00〉 − |11〉. This leads to
F =
2
3
(
1− 2F 1/30
)2
+
1
3
≥ F0 . (8)
So that if the source produces single pairs with states |00〉+ eiπ/5|11〉, whose fidelity is F0 = (0.905)3 = 0.74, then we
obtain an ensemble whose fidelity with respect to an idealW state is F = 0.77 (see Fig. 2). In particular, a borderline
initial fidelity of 0.5 leads to F = 0.56. It is important to recall that in this whole process, without postselection,
there are no losses but those due to the measurement in A. Whenever the EPR source has N particles the resulting
W -state ensemble has N/2 particles, which renders statistical efficiency to the protocol. In addition, if the physical
realization of the bipartite source is provided by entangled photons, we only demand first order PDC, that is, three
pairs generated in sequence, provided that the setup is capable of keeping the coherence of the pairs in the typical
window of time for the occurrence of three PDC events. Let us finally comment on the scenario in which the source,
in addition to the systematic error, presents a fraction f of white noise. A conservative hypothesis for the state of
the triples in the source is ̺0 = (1 − f)|Φ0〉〈Φ0| + f I64/64, where ID is the D × D identity operator. In this case
it is immediate to see that the noise fraction remains unchanged throughout the protocol, and the obtained density
operator reads ̺ = (1 − f)ρ + f I8/8, where ρ is given by Eq. (6). That is to say, our lifting procedure leads to
entanglement concentration but probably not to entanglement distillation upon depolarizing noise.
V. DISCUSSION AND CONCLUSION
It is arguably easier, both conceptually and experimentally, to create a four-partite W state than to produce a
tripartite |W 〉. This is partly due to the fact that most of the measurements involved in the previous protocols
7are of Bell type. In this work we provide a full basis of W states which induces more appropriate measurements
to produce the desired type of entanglement. Of course, we are aware of the technical difficulties associated with
full measurements involving entangled bases, either without interactions between the subsystems [38] or with passive
linear elements only [39]. In the last fifteen years, many ways to circumvent these difficulties have been proposed,
employing ancillary systems (hyperentanglement) [40, 41], nonlinear optics [42], or even active linear optical elements
[43]. In addition, we note that in the case of a perfect source, if one can distinguish n basis elements out of 8, then we
have a statistical efficiency of n/8. Even in the case of imperfect sources, to produce ideal W states only requires the
ability to distinguish |W1〉 from |W5〉, and these states from the rest of the basis elements. This is a much more modest
task. Finally, we note that the measurement on subsystem A can be made in a very localized region of space (without
affecting the remote character of the state left in B), enabling the execution of CNOT gates involving particles 1, 3,
and 5.
Our results can be summarized as follows: When the EPR source is ideal, a pure ensemble of W states can be
deterministically produced. In addition, if the bipartite source is non-maximally entangled, one can still obtain a set
of pure W states, this time at the cost of postselection. This is a peculiarity of the states |W 〉 that, for instance,
does not hold for GHZ states. In fact one can produce perfect W states from arbitrarily poor entanglement, but,
the poorest the entanglement of the source the smaller the number of states |W 〉 in the ensemble. Alternatively, it is
possible to profit from every individual run, for, even without post selection one gets a mixed tripartite state whose
fidelity (with respect to |W 〉) is higher than that of the triple of pairs coming from the source (in comparison to a
perfect triple of EPR pairs). Finally we emphasize the possibility of creating remote entangled systems, allowing, e.
g., distribution of keys.
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